The selection of a genetic reporter can be difficult because of the wide range of genes available. In order to reduce the selection, we compared the performance of different reporter genes: firefly luciferase (Photinus pyralis lucFF), bacterial luciferase operon (Photorhabdus luminescens luxCDABE), green fluorescent protein (Aequorea victoria gfp), and red fluorescent protein (Discosoma sp. dsred) in whole-cell bacterial sensors. Escherichia coli sensor bacteria were engineered to contain a reporter plasmid that carries the reporter gene under the control of mercury-(mer from Tn21) or arsenite-(ars from R773) responsive regulatory units. Characteristics of the strains were studied by using different arsenite or mercury concentrations and incubation times. The lowest detectable concentration of analytes and the fastest responses were achieved with lucFF or luxCDABE as reporter genes. The fluorescent proteins, GFP and DsRed, gave responses at higher analyte concentrations and after significantly longer incubation times. The results indicate that luciferases are better reporters in wholecell sensor bacteria. © 2002 Elsevier Science (USA)
The selection of a reporter gene can be difficult because of the wide selection available. The decision between different reporter genes can be critical in some applications. Firefly luciferase and bacterial luciferases are commonly used reporter genes (1, 2) . The firefly luciferase gene (lucFF) from Photinus pyralis is a single polypeptide and it was cloned over a decade ago (3) . The firefly luciferase catalyzes the following reaction:
The genes of bacterial luciferase operon (luxCDABE) originate from the marine bacteria Vibrio fischeri and Vibrio harveyi among others or the terrestial bacterium Photorhabdus luminescens. All bacterial luciferases (product of luxAB genes) catalyze reactions that involve the oxidation of a reduced riboflavin phosphate and a long-chain fatty aldehyde (4):
Other genes of lux operon (luxCDE) encode enzymes that are responsible for the synthesis of the long-chain aldehyde substrate that is required in the bioluminescence reaction. If the luxCDABE genes of bacterial luciferase operon are used as reporter genes, no substrate addition is needed before measurement, whereas the firefly luciferase requires the substrate (D-luciferin) addition. It is worth noting that a bioluminescence reaction requires energy from cell metabolism, if the measurement is done from living cells. Therefore, the metabolic state of cells can affect the bioluminescence, not only the amount of luciferase protein.
Mutant forms of jellyfish Aequorea victoria green fluorescent protein (GFP) 2 are commonly used as reporter proteins for monitoring gene expression in eukaryotic and bacterial cells (5) . The mutants have different excitation and emission maxima, and mutants usually have brighter fluorescence than the wild-type GFP. A GFP mutant (GFPmut1), which was originally described by Cormack et al. (6) , has an excitation maximum at 488 nm and an emission maximum at 507 nm. Recently cloned red fluorescent protein (drFP583 or commercially known as DsRed) from Discosoma sp. has excitation and emission peaks at 558 and 583 nm, respectively (7) . The cellular autofluorescence is supposed to be lower in the emission wavelength of the DsRed, which should result in the lower background signal as compared to GFP. Fluorescent proteins are fluorescent as such; they need no cofactors or substrates (8) . Accordingly, they do not participate in cell metabolism and are fluorescent also in nonviable cells.
Reporter genes have traditionally been used in the analysis of the promoter function. An emerging application is to use them in sensor bacteria for the detection of different parameters (1) . Typically, these bacteria contain a construct that includes a gene for a regulatory protein and a promoter, which controls the expression of the reporter gene. The first specific sensor bacteria using bioluminescence reporter technology were used for the measurement of naphthalene (9) . After that, many specific sensor bacteria have been developed for inorganic ions (10, 11) and organic compounds (12, 13) . For use in sensor bacteria, reporter response should be fast, easy to measure, and sensitive. An additional advantage would be if the reporter protein required no substrate.
Different luminescence reporter genes have been studied widely, but there are few studies about the differences of the fluorescence and luminescence genes in whole-cell sensor bacteria. It has been recently reported that sensor bacteria containing bacterial luciferase operon responded slightly more sensitively to different tetracyclines than the strain containing the firefly luciferase gene (14) . In another study luxCDABE, lacZYA, and gfp were compared as reporter genes (15) . However, in both studies the growth conditions or the genetic constructs were not identical, which makes direct comparison of the reporter impossible. Therefore, we compared the performance of two bioluminescence reporter genes, the firefly luciferase (P. pyralis lucFF) and the bacterial luciferase operon (P. luminescens luxCDABE), and two fluorescence proteins, green fluorescent protein (A. victoria gfp) and red fluorescent protein (Discosoma sp. dsred) in identical constructs. The reporter genes were inserted under the control of mercury-(mer) and arsenite-(ars) responsive regulatory units. The results obtained should help in the selection of the most suitable reporter gene for the use in whole-cell bacteria sensors.
MATERIALS AND METHODS

Materials
NaAsO 2 was obtained from Sigma and HgCl 2 was from Riedel-de Haën. Both metals were of analytical grade. D-Luciferin was obtained from Bio-Nobile Oy (Turku, Finland). Casein, acid hydrolysate (Product Number C-0501), was from Sigma. Water was purified by a Milli-Q Plus system (Millipore, MA). All other chemicals were of the highest grade available. All PCR purifications, gel extractions, and plasmid purifications were made with Qiagen kits (Hilden, Germany).
Plasmids
Several pUC19-based plasmids were constructed during the study (Table 1 ) by using previously described standard recombinant DNA methods (16) . Plasmid pmerRlucFFGFP was constructed as follows. Plasmid pTOO11 (10) was digested with AflII and Klenow-treated. After inactivation of Klenow, the plasmid was further digested with HindIII, and a 2.2-kb fragment was isolated. The fragment was ligated with a 3.1-kb PvuII-HindIII fragment of pEGFP (Clontech, Palo Alto, CA) (Figs. 1A and 1B). pEGFP contains a humanized version of GFPmut1 (6) . Plasmid pmer-RGFP was constructed by isolating a 3.7-kb NarI-AgeI fragment of pmerRlucFFGFP and self-ligating it (Fig.  1C) . Plasmid pmerRDsRed was constructed by ligating a 3.0-kb NotI-NarI fragment of pmerRGFP with a 700-bp AccI-NotI fragment of pDsRed (7) (Clontech) (Figs. 1E and 1D). Plasmid pmerRluxCDABE was constructed as follows. At first the pmerRGFP was digested with BamHI and pTetLux1 (12) with XcmI. Digested plasmid fragments were treated with Klenow and mung bean nuclease, respectively. The enzymes were inactivated and the fragments were further digested with EcoRI. Finally, a 3.0-kb fragment of pmer-RGFP was ligated with a 6.5-kb fragment of pTetLux1 (Figs. 1F and 1G).
Plasmid parsRlucFFGFP was constructed analogously to pmerRlucFFGFP. At first pTOO31 (17) was digested with XhoI and Klenow-treated. After inactivation of Klenow, the fragment was digested with HindIII, and an isolated 2.2-kb fragment and a 3.2-kb PvuII-HindIII fragment of pEGFP were ligated ( Figs. 2A and 2B) . Plasmids parsRGFP and parsRlux- 
Cultivation of the Bacteria
The plasmid-containing strains were maintained on L-agar plates supplemented with 100 g/ml ampicillin. Bacteria were cultivated with vigorous shaking at 37°C in M9 minimal medium (16) supplemented with 0.5% hydrolyzed casein and 100 g/ml ampicillin. For the measurements, 25 ml of medium was inoculated with 0.5 ml of the overnight culture and harvested at OD 600 0.5.
Luminescence and Fluorescence Measurements
In the measurements, 50 l of HgCl 2 solution (mer constructs), NaAsO 2 solution (ars constructs), or water was pipetted to the wells of the white 96-well plate (Thermo Labsystems, Helsinki, Finland). Bacterial culture was diluted 1:10 with the M9 minimal medium supplemented with 0.5% hydrolyzed casein and 50 l of the dilution was added to the wells. Plates were incubated without shaking at 37°C for different time periods. Luminescence and fluorescence measurements were done with a Wallac Victor 2 (Perkin Elmer Life Science, Turku, Finland). For fluorescence measurements, GFP and DsRed were excited at 485 and 544 nm and measured at 535 and 615 nm, respectively. Luminescence was measured as a 5-s integral. For firefly luciferase, 100 l of 0.5 mM D-luciferin (in 0.1 M sodium citrate buffer, pH 5.0 (20)) was added with an automatic dispenser just before the measurement. 
RESULTS
Each plasmid contained one of the reporter genes under the control of either mer or ars promoter (Table  1 ). In order to obtain similar expression levels of the reporter genes, upstream sequences of lucFF, gfp, and dsred in mer constructs and lucFF and gfp in ars constructs were identical. The upstream sequence of bacterial luciferase operon is less relevant, because it works as an operon and all the five genes included in the operon are expressed independently. In the plasmids pmerRGFP, parsRGFP, and pmerRDsRed, 19 amino acids from the start of the lucFF were fused with fluorescent protein, which was possible because the N-terminal fusion to the GFP has been shown to be functional (5) .
LucFF and LuxCDABE gave a detectable signal as early as after a 0.5-h incubation time (Figs. 3A and  3D) . GFP needed at least 2 h (Figs. 3B and 3E) and DsRed 8 h (Fig. 3C) of induction time for a noticeable signal. At low analyte concentrations firefly luciferase seemed to give a detectable signal in a slightly shorter time than bacterial luciferase. However, the difference was small and bacterial luciferase gave a higher induction coefficient at longer incubation times. Fluorescent proteins, GFP and DsRed, needed longer incubation times, and detectable signal was achieved at about one hundred times higher analyte concentrations than with luminescent proteins.
Bioluminescence values of the blank (water) solutions in mer constructs were similar at the beginning of the incubation (Figs. 4A and 4B ), but during the incubation bioluminescence values of the blanks decreased with mer-luxCDABE construct and increased with mer-lucFF construct. With low analyte concentrations (1 ϫ 10 Ϫ10 M HgCl 2 ) firefly luciferase gave higher bioluminescence than the blank solution at the beginning of the incubation (Fig. 4A) . However, bacterial luciferase attained the highest bioluminescence after several hours of incubation (Fig. 4B ). There were no significant differences between the bioluminescence of firefly luciferase and bacterial luciferase with higher analyte concentrations (1 ϫ 10 Ϫ7 M HgCl 2 ). The fluorescence values of the blank solution with mer-gfp construct increased during incubation (Fig. 4C) , but with merR-dsred construct fluorescence values remained at the same level during incubation (Fig. 4D) . The fluorescence levels with the low analyte concentrations and with blank solution maintained the same with both strains. At high analyte concentrations GFP showed a noticeable increase in fluorescence after a 1-h incubation as compared to an 8-h incubation with DsRed.
The bioluminescence values of the blank (water) solution in ars constructs were similar during incubation (Figs. 5A and 5B). During the incubation, arsR-lucFF construct and arsR-luxCDABE showed fewer differences between the bioluminescence values of analyte concentrations than mer constructs. The most noticeable difference was that the highest bioluminescence value of LucFF was achieved in a 4-h incubation and in an 8-h incubation with LuxCDABE. Green fluorescent protein in an ars construct showed a similar induction during incubation as before in a mer construct (Figs. 5C and 4C).
DISCUSSION
We studied the performance of lucFF, luxCDABE, gfp, or dsred reporter genes in identical constructs. Specifically, the upstream sequences of lucFF, gfp, and dsred in mer constructs and lucFF and gfp in ars constructs were identical, which made direct comparison possible. Previously, few studies that compare different reporter genes have been described (14, 15) . Unfortunately, in those works the DNA constructs were not identical.
In addition to genetic constructs, cultivation and measurement protocols also have an effect on the sensitivity and on the induction coefficients. Therefore, cultivations and measurements were done identically with all whole-cell sensor strains. It would have been possible to improve the results by optimizing the cultivation and measurement protocols separately for each reporter gene. Although the results were obtained with whole-cell sensor bacteria, they can also provide information about the use of bioluminescent and fluorescent reporter proteins in general.
When firefly luciferase is used as reporter gene in whole-cell sensor, the light production is started by the addition of the substrate, D-luciferin. Therefore, the metabolic stress caused by light production (and ATP consumption) takes place only at the luminescence measurement stage. In contrast, when bacterial luciferase operon is used, the bacteria produce light continuously and are under constant metabolic stress. In addition, cells must produce five polypeptides. These reasons may explain the differences in the induction coefficients of the firefly luciferase and the bacterial luciferase operon, especially with longer incubation times (Fig. 4 ). It could also be possible that the ratelimiting factor of the light production in the merluxCDABE construct is the amount of the substrate of the bacterial luciferase, which could possibly be overcome by adding substrate externally. However, in that case there is no benefit in using bacterial luciferase operon. Both fluorescent proteins, GFP and DsRed, gave slow response, which means that the significant induction was seen after several hours of incubation. One reason for this slow induction could be the slow folding of the proteins. Indeed, it has recently been shown that DsRed requires days at room temperature to reach maximal red fluorescence (21) , which is in accordance with our results. GFP gave much faster response than DsRed, but it was still considerably slower than luciferases. In addition, the sensitivity of the metal detection was much better with luciferases than with fluorescent proteins. The luminescent proteins can be measured from the cells even at low protein concentrations, due to negligible background luminescence, whereas there is considerable background signal in the fluorescence measurement because of the cellular autofluorescence. For that reason, larger amounts of reporter proteins are needed to overcome the autofluorescence. Our original idea was that DsRed could offer better sensitivity than GFP, because autofluorescence is lower at longer wavelengths (22) . However, merdsred constructs in fact showed lower sensitivity than mer-gfp constructs. Both fluorescent proteins were very stable and they remain fluorescent even if the cells are dead. Therefore, the toxic effects of the metal concentration were not as noticeable as with the luciferases.
According to the results presented here, the luminescent proteins are clearly better for rapid applications. The use of fluorescent proteins in whole-cell bacterial sensors is restricted, especially in applications that require sensitive detection. However, the effect of instrumentation must be considered before more conclusions are drawn; it is, for example, possible to integrate fluorescence signal for long time periods (as was done here for the luminescence signal) by using cooled CCD cameras. Nevertheless, that would require more complex instrumentation than needed for the detection of the luciferases.
